Stressors encountered during avian development may affect an individual's phenotype, including immunocompetence, growth, and feather quality. We examined effects of simulated chronic low-level stress on American kestrel (Falco sparverius) nestlings. Continuous release of corticosterone, a hormone involved in the stress response, can model chronic stress in birds. We implanted 13-d-old males with either corticosterone-filled implants or shams and measured their growth, immune function, and feather coloration. We found no significant differences between groups at the end of the weeklong exposure period in morphometrics (mass, tarsus, wing length, and asymmetry), immunocompetence (cutaneous immunity, heterophil/lymphocyte ratio, and humoral immunity), or feather coloration. One week subsequent to implant removal, however, differences were detected. Sham-implanted birds had significantly longer wings and a reduced level of cutaneous immune function compared with those of birds given corticosterone-filled implants. Therefore, increases of only 2 ng/mL in basal corticosterone titer can have small but measurable effects on subsequent avian development.
Effects of Small Increases in Corticosterone Levels on Morphology, Immune Function, and Feather Development Introduction
Birds have determinate growth, and therefore perturbations during the nestling period may have physiological (Dufty et al. 2002) or morphometric (see Metcalfe and Monaghan 2001) consequences during subsequent life stages. For example, limiting access to important food resources can reduce the growth rate of nestlings (Dawson and Bidwell 2005) and alter song development in adults (Nowicki et al. 2002) . Hormones can have an effect as well; for example, corticosterone reduces the amount of pheomelanic coloration in developing barn owls Tyto alba . Here, we examine how chronically elevated levels of the hormone corticosterone during the nestling stage affect American kestrel (Falco sparverius; hereafter, kestrels) phenotype during the nestling stage, the fledgling stage, and, in the case of feather phenotype, the first breeding season.
Corticosterone (CORT), a glucocorticoid hormone that helps regulate biological energy substrates, is one of several hormones upregulated during periods of stress (Sapolsky et al. 2000) . During short-term stressors, it increases gluconeogenesis, foraging behavior, and escape behavior (Wingfield et al. 1998) . Lengthier exposure to CORT, however, reduces nestling growth rates (Spencer et al. 2003; Hayward and Wingfield 2004) , reduces nestling body condition (Sockman and Schwabl 2001) , increases begging rate (Kitaysky et al. 2001) , and is immunosuppressive (Buchanan 2000; Saino et al. 2003) . Chronically elevated CORT during the nestling stage can have effects that last into adulthood, such as reduced song attractiveness (Spencer et al. 2005 ) and dominance rank (Spencer and Verhulst 2007) .
To determine whether a small but significant increase in CORT negatively affects the development of the immune system or plumage, we implanted 13-d-old nestling male kestrels with either CORT or sham silastic tubing implants and measured their food consumption, body mass, morphometrics, phytohemagglutinin (PHA)-induced immune response, humoral immunity, ratio of heterophils to lymphocytes (H : L), and feather coloration. We compared the two groups twice: first at the end of the weeklong exposure period, to determine the immediate effects of a small increase in circulating CORT, and then 1 wk after implant removal (when the kestrels were almost ready to fledge), to observe any delayed or persisting effects of nestling exposure to CORT.
We generated several hypotheses regarding how chronically increased levels of CORT would affect kestrel development. Increased levels of CORT can decrease growth rate (Spencer et al. 2003 ; but see Kitaysky et al. 2003) . Therefore, we hypothesized that daily feeding rates and, consequently, body mass might be adversely affected by exogenous CORT. We also measured fluctuating asymmetry (Whitaker and Fair 2002) , which is a deviation from equal size in a normally bilaterally symmetrical morphological trait (Balmford et al. 1993; Watson and Thornhill 1994) . Fluctuating asymmetry is a measure of de-velopmental stability (Clarke 1995) , and we predicted that CORT treatment would increase fluctuating asymmetry.
Because CORT inhibits the immune system during periods of prolonged exposure (Apanius 1998) , we hypothesized that kestrels exposed to chronically increased levels of CORT would display lower levels of immunocompetence. There are multiple methods to measure immune function, and Salvante (2006) recommends examining more than one aspect of the immune system to measure immunocompetence more accurately. We measured humoral immunity, which has been positively related to multiple life-history traits (Hasselquist et al. 1999; Hanssen et al. 2004; Ekblom et al. 2005; Amat et al. 2007) . We also used a PHA challenge, which has commonly been used as a proxy for cell-mediated immunity and reflects individual quality (Poiani et al. 2000; Navarro et al. 2003; Cichoń and Dubiec 2005 ; but see Tschirren et al. 2003) . However, it has recently been shown that this technique does not measure cell-mediated immunity per se but rather swelling due to multiple immune cell infiltrations, including innate cell lines in addition to lymphocytes (Martin et al. 2006) , thus reflecting cutaneous immune function. Last, we measured H : L, because higher H : L has been linked to chronic stress (Gross and Siegel 1982; Ots et al. 1998) , lower index of body condition (Suorsa et al. 2004) , and suppression of cell-mediated (Ilmonen et al. 2003 ) and humoral immunity.
Colorful feathers can play an important role in mate choice (Andersson et al. 1998) as honest indicators of individual quality (Doucet and Montgomerie 2003; Garvin et al. 2008) . Increased levels of CORT model a physiological stressor, and we hypothesized that feathers developed during this exposure period would reflect that physiological challenge (sensu Roulin et al. 2008) , as melanin-based coloration is related to stress responsiveness (see Ducrest et al. 2008) . Specifically, we predicted that the blue gray wing feathers (which appear to be structurally colored due to a reflectance peak in the UV range and are likely to possess predominately eumelanin pigments; Fargallo et al. 2007 ) and the brown tail feathers (which, based on spectral shape, seem to be pheomelanin based) would be less bright in experimental birds. Because neither nestling rectrices nor remiges are molted until after the bird's first breeding season, they would be able to signal male developmental quality during that first breeding season, yielding breeding consequences. Therefore, an increased level of stress may lower the quality of the feathers and may decrease an individual's ability to attract and retain a mate.
In sum, we examined several phenotypic responses of kestrels to exogenous CORT during the nestling period. In particular, we examined morphometrics, immunocompetence, and feather coloration, all of which can be related to survival or reproduction rates (McClung et al. 2004; Cichoń and Dubiec 2005; Moreno et al. 2005; Roulin and Altwegg 2007) . This information allowed us to explore how low levels of simulated chronic stress during the kestrel nestling period affect not only the phenotype during development but also the phenotypic differences that may persist beyond the nestling period.
Material and Methods

Housing and Feeding of Nestlings
We used 19 nestling American kestrels taken from nest boxes located in Ada and Camas counties, Idaho. The ease of nest finding, the large nestling body size (which allows for ease of hormone implantation), the colorful feathers in males, and the relatively long nestling period make kestrels an appropriate study species for this investigation. At 13 d of age, we brought one male nestling per nest to Boise State University (females lack the blue gray wing coloration that we wanted to measure) and housed them with up to three other individuals in -cm straw-lined, open-topped cardboard boxes placed 15 # 15 in -cm wire cages. A heating lamp attached to 75 # 75 # 72 the top of the cage provided warmth. The study was performed in captivity to avoid the differences in sibling competition and food-provisioning rates found in the field.
We fed birds until they were sated five times daily, at 0800, 1100, 1400, 1700, and 1900 hours. Food consisted of 1-d-old feeder chickens. Five whole chicks were ground in a blender, and the resulting mixture was supplemented with approximately 3 g of multivitamins and powdered minerals (Quikon, Bocholt, Germany). We continued to feed kestrels until they ignored food for 10 s. We measured the amount of food ingested to the nearest 0.1 g at every feeding. This regimen continued until the birds were 26 d old, after which we returned them to their original nest to fledge with their siblings. All work was performed under International Animal Care and Use Committee protocols 006-05-002 and 006-05-003.
Implantation Procedure
On arrival into the laboratory, nestlings alternately received either experimental (CORT-filled) or sham (empty) silastic implants. All implants were 20 mm long and were sealed at one end with silicone cement. Twenty-four hours before implantation, all implants were soaked in avian physiological saline solution. After administering a local anesthetic, we placed the implants under the skin on the medial side of the right leg. Seven days later, we removed the implants (Table 1 ). All incisions healed well, and no bird showed any permanent detrimental effects from the surgical procedures.
Morphometric Analyses
We measured bird mass to the nearest 0.1 g every morning before feeding. This allowed us to track weight gain during both the experimental treatment and the washout period after the implants were removed (Table 1) . Morphometrics were taken on days 13, 20, and 26 on both left and right wings and left and right tarsi. The absolute value of the difference between left and right structures is a measure of fluctuating asymmetry. 
Radioimmunoassay for Corticosterone
Blood samples of ∼150 and ∼200 mL were taken within 3 min of entering the animal room immediately before the feeding at 0800 hours on days 20 and 26, respectively (Table 1) . Blood was centrifuged for 1 min at 6,000 rpm, and the plasma was then collected and stored at Ϫ20ЊC until analysis. This plasma was used for radioimmunoassay (RIA) of plasma total CORT and humoral immunity assessment. The RIA protocol was modeled after Wingfield et al. (1992) , using 35-100-mL aliquots extracted using dichloromethane. All sample, standard curve, recovery count, and total count vials were counted in a Beckman LS6800 scintillation counter for 10 min or until 2% accuracy. Mean recovery rate was 84%. Intra-assay variations were 3% and 2%, with an interassay variation of 25%.
PHA-Induced Immune Response
We injected PHA into the patagium of the right wing of 19-d-old birds (Table 1) . PHA causes measurable swelling at the site of injection, and a larger degree of swelling correlates to a more robust immune response. Each subject had a black dot drawn centrally on its patagium, with patagial thickness measured twice with a digital micrometer (Mitutoyo, . Directly under the black dot, we injected 50 mL of phosphate-buffered saline (PBS) containing 50 mg of PHA (Sigma). Twenty-four hours later, we measured the patagium at the site of the PHA injection. The difference in thickness between the pre-and postinjection measurements was indicative of immune cell infiltration. We injected PHA into the individual's left wing patagium when the bird was 25 d old and measured the resultant swelling 24 h later (Table 1 ). All work was conducted between 0830 and 1000 hours. Because of the potentially cumulative effect of PHA challenges, conclusions were drawn only between groups on either day 20 or 26 and not within subjects.
Assessment of Humoral Immunity
When a bird came into captivity (13 d old), we took a 100-mL blood sample from the left alar vein and processed it for storage in a manner identical to that for blood taken for CORT assessment (Table 1) . We then administered an intramuscular injection of 25 mg of keyhole limpet hemocyanin (KLH; Sigma), a novel benign antigen, into the kestrel's right leg. The KLH was emulsified in 0.05 mL sterile deionized water and 0.05 mL incomplete Freund's adjuvant (Sigma). When the nestling was 26 d old, we took a blood sample of ∼200 mL and processed it for storage, as described earlier. This assessment of humoral immunity 13 d postimmunization allowed for both a large antibody response (Butler and Dufty 2007) and enough time to return the individual to its nest in time to fledge.
To assess antibody quantity, we used a novel enzyme-linked immunosorbant assay (ELISA). Nunc ELISA plates (Fisher) were coated with 200 mL of 0.5 mg/mL KLH in sodium carbonate buffer and incubated at 37ЊC for 2 h. After the liquid was removed, 200 mL of blocking buffer (3% powdered milk in 0.01 M PBS) was added and left at room temperature for 2 h. The blocking buffer was then removed, and duplicates of 1 : 400 and 1 : 800 kestrel plasma dilution (in 3% powdered milk and 0.01% sodium azide in 0.01 M PBS) were added along with blank controls. The plates were incubated overnight at 4ЊC. We washed the plates three times with 200 mL PBS and 0.05% Tween 20 (Sigma). Because the wells were coated with KLH, only KLH-specific kestrel antibody remained bound to the wells. Fifty microliters of horseradish peroxidase (HRP)-labeled secondary antibody specific for avian IgG (Bethyl A140-110P) diluted 1 : 1,000 in PBS, 0.05% Tween 20, and 0.5% bovine serum albumin, was added and incubated at room temperature for 2 h. Plates were then washed four times with PBS and 0.05% Tween 20 (Sigma). Each well received 50 mL of the substrate tetramethylbenzidine (Sigma) and was left in the dark at room temperature for 30 min. The colorometric reaction was stopped with 50 mL of 0.5 M sulfuric acid, and the optical density of the wells was read at a wavelength of 450 nm. A higher optical density indicated a higher concentration of HRP, which was proportional to the amount of KLH-specific antibody present in the plasma sample. The optical density was measured by a BioRad Model 550 Microplate Reader and calculated using Microplate Manager PC 4.0. The difference between post-and preinoculation optical density within each bird was the variable used in all subsequent analyses. Intra-assay variation was 9%.
Determination of Heterophils : Lymphocytes
At the time of blood collection on days 20 and 26 (Table 1) , blood smears were made in duplicate. One to two drops of whole blood were placed on a microscope slide and spread to one cell layer thick. The slides air-dried for 30-60 min and then were fixed in methanol. Several months later, they were stained with Wright's Giemsa (Vol-U-Sol, Salt Late City, UT) stain. Slides were stained for 5 min, transferred to buffer for 5 min, and then subjected to 10 1-s rinses.
Slides were viewed under a microscope at #100 with oil immersion. Leukocytes were counted until the total of basophils, eosinophils, monocytes, lymphocytes, and heterophils reached 100. We calculated H : L by dividing the number of heterophils by the number of lymphocytes.
Feather Analysis
On day 26 (Table 1) , we plucked the blue gray secondary of the left wing, a dark brown central rectrix with a black subterminal band, and a brown central back contour feather from each bird, in which we observed no aberrant coloration. Feathers were stored in a plastic Ziploc bag until analysis. We used an Ocean Optics (Dunedin, FL) USB2000 spectrometer with a PX-2 pulsed xenon light source to collect reflectance for wavelengths between 300 and 700 nm. We calibrated the spectrometer before each measurement with a Spectralon white reflectance standard, and we oriented the feather at 90Њ from the spectrometer for each reading. There were three readings for each individual: (1) the blue of the secondary, (2) the dark brown of the rectrix, and (3) the brown of the contour feather. Reflectances were averaged over 5-nm intervals. We used these average values (wavelength bands) for statistical analyses.
Statistical Analyses
Unless specified otherwise, all analyses involved the response variable of interest as the dependent variable in a repeatedmeasures ANOVA, with treatment as a between-groups factor and age as a repeated factor. Using this template, we examined tarsus length, wing length, asymmetry for tarsus and wing lengths, circulating CORT titer, PHA response, and H : L. For humoral assessment, we ran an ANOVA with treatment as a between-groups factor, because humoral response to antigen was assessed at only one time point. We predicted that experimental birds would have higher CORT values on day 20, lower PHA-induced responses on day 20, and lower levels of antibody and higher H : L on day 20, so we did not employ a Bonferroni correction, as has been suggested for analyses with specific predictions (Nakagawa 2004) . Additionally, we further examined our data with a correlational perspective by regressing H : L, PHA response, and humoral immunity along CORT titer within each treatment group.
To examine food consumption, we summed the total mass of food consumed by an individual during period A (aged 14-19 d) and period B (aged 21-26 d) and divided each value by 6, the number of days in each period, to generate an average food consumption rate per day for each period. Similarly, we averaged the daily mass values for each bird during periods A and B to generate an average body mass value for each period. Because our goal was to look for differences between periods and not among days, we performed a repeated-measures ANOVA with treatment as a between-groups factor, period as the repeated factor, and a treatment-by-period interaction.
Finally, to calculate the ultraviolet/blue chroma of the secondary feather, we divided the proportion of the brightness from the 320-to 400-nm range by the total brightness from 320 to 700 nm. We then examined differences in chroma between treatment groups with a one-factor ANOVA. Because brown feathers do not have a specific chromatic region, we compared the total brightness between treatment groups. To test for treatment differences in hue (wavelength of maximum reflectance), we used a one-factor ANOVA. All data were analyzed in SAS 9.1, and all means are reported ‫ע‬SE.
Results
Corticosterone
Ten samples had values below the detectable limit (two CORT implanted, eight sham implanted). So as not to bias our analyses by the exclusion of the lowest values, we opted to assign the lowest detected value (0.123 ng/mL) to this group of data, thereby giving values to samples below the detectable limit. Doing so increased the statistical power of our analysis while remaining conservative with respect to the predicted outcome. Sham-implanted birds had lower levels of plasma CORT than did CORT-implanted birds ( , ; Fig. 1 ). F p 5.17 P p 0.034 1, 17 There was no hormone treatment-by-day interaction ( , ) or day effect ( , F p 2.46 P p 0.135
). A least squares means comparison of groups showed 0.665 that CORT-implanted birds had higher CORT levels at day 20 ( ), while there was no difference between groups P p 0.0045 on day 26 ( ). P p 0.3334 ). However, on day 26, both groups had similar P p 0.0045 levels of plasma CORT. An asterisk denotes a significant difference based on an . a p 0.05 There were no main effects of treatment on tarsus, wing, asymmetry of tarsus, or asymmetry of wing (all ), and P 1 0.2 there were no significant interactions (all ) between P 1 0.14 treatment and age for tarsus, asymmetry of tarsus, and asymmetry of wing (four measurements were missing for day 26). However, there was a significant interaction between treatment and age for wing length ( , ) . When com-F p 8.14 P p 0.0015 2, 30 paring the least squares means of experimental and control units on days 13, 20, and 26, we found differences on day 13 ( ), day 20 ( ), and day 26 ( ), with P p 0.039 P p 0.013 P p 0.007 CORT-treated birds having longer wings on day 13 but shorter wings on days 20 and 26 (Fig. 2) .
Immune Function
There was no significant effect of CORT treatment on the PHAinduced swelling response ( , ) and no sig-F p 3.54 P p 0.077 1, 17 nificant interaction between treatment and age ( , F p 2.27 1, 17 ), but there was an effect of age ( , P p 0.15
). We then used a least squares means comparison and 0.0002 found a difference between treatments on day 26, with CORTtreated birds showing a significantly greater amount of swelling ( ; Fig. 3) .
Because of a limited amount of plasma, only one IgG ELISA could be run to assess differences between CORT-and shamimplanted groups. We used 10 individuals, with five from each treatment. Hormone treatment did not significantly affect antibody production ( , ); however, we ac-F p 0.09 P p 0.77 1, 8 knowledge that the limited sample size of this metric may have increased our likelihood of committing a Type II error.
Neither hormone treatment ( , ) nor age F p 0.12 P p 0.73 1, 17 ( , ) affected H : L ratio, and there was no F p 3.02 P p 0.10 1, 17 interaction between treatment and age ( , ). F p 2.27 P p 0.15 1, 17 We also examined correlational relationships between CORT and immune response by using regressions. Although regressions were not significant for most immune variables (all P 1 ), CORT was negatively related to PHA response for sham-0.2 implanted birds when they were 20 d old ( , F p 9.18 P p 1, 7
; Fig. 4 
Discussion
We simulated a low-level chronic stressor and measured its effects on kestrel development. To our knowledge, this is the first such study regarding avian subjects, as other studies model acute long-term or repeated stressors (Spencer et al. 2003; Moe et al. 2004 ). We examined the subtle effects produced by a small but significant increase in baseline CORT over a relatively short period. We found that feather growth decreased and that immunoresponsiveness increased within CORT-treated individuals, but these differences manifested several days after the end of increased CORT exposure. 
Corticosterone
Kestrel nestlings at day 20 generally have baseline plasma CORT levels of approximately 2 ng/mL (but see Müller et al. 2009 for data regarding Eurasian kestrels Falco tinnunculus), while under acute stress, birds of this age generally exhibit plasma CORT concentrations of more than 10 ng/mL (Love et al. 2003) . We expected circulating CORT concentrations in our subjects to be fairly low, as our birds did not experience food restriction that can result in increased CORT circulation (Kitaysky et al. 1999; Corbel and Groscolas 2008) . In this experiment, the control birds had levels of about 1 ng/mL, while the experimental birds had levels of 3 ng/mL, so that experimental birds exhibited an approximately threefold increase in mean CORT values. This increase of 2 ng/mL is small in absolute terms, but it nonetheless represents a significant increase in plasma CORT levels. Additionally, it has been shown that similar implants in dark-eyed juncos (Junco hyemalis) resulted in a fivefold increase in CORT during the first 18 h, followed by a one-to twofold increase compared with that of controls during the subsequent 3 d (Gray et al. 1990) . If a similar profile existed in the kestrels, then their initial exposure to CORT would have been higher than what we measured a week after implantation. Nonetheless, because we found developmental differences between the two treatment groups that differed only in exposure to a small but significant increase in circulating corticosterone levels, we concluded that the modest increase in baseline CORT levels did constitute an effective simulation of a chronic low-level stressor.
Immune Function
We found that there were no treatment-based differences between groups in cutaneous immunity levels and H : L during treatment, contrary to other studies that experimentally manipulated either CORT titer (Bourgeon and Raclot 2006) or stress levels (Laudenslager et al. 1988; Moynihan et al. 1990; Saino et al. 2003 ; but see Cyr et al. 2007 ) to demonstrate that CORT is immunosuppressive (reviewed in Buchanan 2000) . There are several possible explanations for this. First, the levels of CORT, while different between groups, may not have been high enough or sustained for long enough to elicit an immunosuppressive result (see Buchanan 2000) . Second, the CORT treatments we used did not covary with, nor were they caused by, a restricted diet (Saino et al. 2003) . Therefore, our findings do not inherently contradict previous findings (Buchanan 2000; Saino et al. 2003 ) that chronically elevated CORT is immunosuppressive, as ad lib. food, in conjunction with low levels of chronically elevated CORT, did not reduce immune function in developing nestlings. We did find that there was a negative relationship between CORT titer and PHA response in sham-implanted birds that were 20 d old. This finding suggests that individuals that naturally maintain higher levels of circulating CORT may also have reduced levels of cutaneous immune function. The question of whether natural variation in baseline CORT and cutaneous immune function affects life-history traits, such as recruitment (Cichoń and Dubiec 2005) , would benefit from additional investigation, as the results presented here are correlational.
The increase in cutaneous immunoresponsiveness in experimental subjects is consistent with CORT's stimulatory effect when elevated during short-lived stressors of modest intensity but not during chronic high-level stress (Sapolsky et al. 2000) . The differences in response probably arise from changes in the number and types of CORT receptors activated (Sapolsky et al. 2000) . These data suggest that the low-level stimulation of the HPA axis produced in this study enhances immunocompetence after hormone exposure. Furthermore, immunocompetence (Moreno et al. 2005) and, specifically, degree of cutaneous immunity (Cichoń and Dubiec 2005) are correlated with recruitment to the breeding population, so the higher levels of cutaneous immunity in experimental subjects may be associated with increased recruitment. However, we do not have any recapture data from these nestlings and are unable to examine this prediction.
Feathers and Morphometrics
Hormonal treatment also affected feather development. The reduced primary length on days 20 and 26 suggests that not as many resources could be allocated toward developing feathers. In kestrels, short-term food restriction during the nestling period results in decreased contour feather brightness (Marzot 2007) . Additionally, length of wing feathers in kestrels is correlated with bare-part coloration (Bostrom and Ritchison 2006) , which may be a condition-dependent trait (Bortolotti et al. 1996; Negro et al. 1998) . However, contrary to findings in other studies ), we did not see an effect of hormonal treatment on feather coloration, which suggests that the blue gray coloration of kestrels is not condition dependent, although further work is needed to verify this suggestion.
Conclusion
Our data suggest that kestrels experience modest phenotypic effects in response to low levels of physiological stress in the nestling stage. However, the birds in this study experienced elevated CORT titer while still receiving an ad lib. diet. It is possible that diet-induced stress in nature may result in a different outcome as resources become more limited. Dietarily stressed European shags (Phalacrocorax aristoltelis) were able to maintain structural growth but at the cost of resting metabolic rate, muscle mass, and body temperature (Moe et al. 2004 ). So, if increased levels of CORT were accompanied by lower availability of resources, it is possible that birds would shunt resources away from immunity (Soler et al. 2003) and toward more immediately important developmental parameters, such as growth. An investigation involving both diet restriction and CORT implants would be useful to examine how neonatal stress and dietary needs interact to affect avian development.
Overall, our results suggest that kestrel nestlings experience subtle but measurable and probably biologically important developmental effects in response to a weeklong modest, sustained increase in CORT titer. Despite the possible initial surge in CORT release from the silastic implants (Gray et al. 1990 ), the small (2 ng/mL) 7-d sustained increase in CORT resulted in measurable effects on immune function and feather length 6 d after exposure to exogenous CORT ended. These results highlight two important findings. First, small and continuous stressors during the nestling stage may affect development of immune function and feathers, both of which may affect fitness. Second, it may behoove researchers to measure their subjects several times over the course of a study, as we found evidence for the manifestation of effects almost a week after our experimental manipulation had ended.
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